To elucidate the pathophysiology of acute shock caused by serogroup A streptococci (GAS), GAS were given intravenously to 25 pigs. Short-time infusions of GAS ( ) caused variable n = 11 and unpredictable responses. A continuous infusion of cfu/kg/h ( ) caused pul-8 5 ϫ 10 n = 8 monary hypertension, arterial hypotension, and reduced cardiac output and liver perfusion, progressing to circulatory shock within 2-4 h. Halving the infusion rate ( ) induced a n = 6 more gradual development of shock and doubled the mean survival time from 2.1 to 4.0 h. Mean tumor necrosis factor-a levels (‫ע‬SE) increased from to pg/mL. Only 25 ‫ע‬ 1 ‫ע04‬ 3 slight signs of organ dysfunction were observed, which indicates that this is primarily a model of acute septic shock. Light microscopy revealed moderate inflammatory reactions in lung, liver, and gut biopsy samples, although high numbers of viable, M-typeable GAS were recovered from tissues. The present model may be useful to study mechanisms involved in acute septic shock as well as therapeutic interventions.
and organ failure; for example, by the induction of proinflammatory cytokines such as tumor necrosis factor-a (TNF-a) [13, 14] . Of patients who fulfill the criteria for streptococcal toxic shock syndrome, 30%-70% die despite aggressive treatment [3] . Thus, although multiple GAS virulence factors are known and have been studied in vitro, the mechanisms responsible for the development of shock and organ failure are so far not clear. There is a continuous important discussion regarding the relevance of animal models to human medicine; however, there are no real alternatives to whole animal models in the study of integrative physiology and dynamic pathophysiologic alterations. Furthermore, for hemodynamic, extensive monitoring, a large animal is convenient and can mimic an intensive care patient. We find the pig to be an alternative to primates, which are not very easily used and are the only large animals in which invasive GAS disease has been studied [15, 16] .
The aim of the present study was to establish and characterize a model of gram-positive septic shock in the pig caused by the intravenous infusion of live GAS.
Methods
Animals and surgical preparation. Twenty-five juvenile pigs of both sexes, weighing 23-29 kg, were divided into 3 groups. All animals were fasted overnight but had free access to water. The pigs were premedicated with ketamine chloride (25 mg/kg intramuscularly), and anesthesia was subsequently induced with pentobarbitone sodium (20 mg/kg intravenously) and maintained with a continuous infusion of pentobarbitone sodium (10-25 mg/kg/h), as well as morphine (10-20 mg intravenously) as required. Surgery was done under sterile conditions. The left internal jugular vein was cannulated for infusion of anesthetics and fluids (Ringer's acetate solution). A tracheotomy was done for mechanical ventilation with a volume-regulated ventilator (model 101; Princeton Medical Instruments, Natick, MA) with a 50%-50% mixture of oxygen and air. Ventilation frequency and tidal volume were adjusted to maintain the arterial carbon dioxide tension in the range of 5-6 kPa. Through a midline abdominal incision, ultrasound transit time flow probes (Transonic Systems, Ithaca, NY) were placed around the hepatic artery and the portal vein for continuous measurements of hepatic arterial and portal venous blood flows. Polyethylene catheters were passed from the right external jugular vein to a hepatic vein, from the left femoral artery to the abdominal aorta, and from a mesenteric vein to the portal vein. The position of the hepatic venous catheter was confirmed by palpation. A Swan-Ganz thermodilution catheter (model 93A-131H-7F; American Edwards Laboratory, Anasco, Puerto Rico) was passed from a femoral vein to a branch of the pulmonary artery to measure pressures. The catheters were connected to pressure transducers (Statham pressure transducers, model P23 Gb; Gould Instruments, Hato Rey, Puerto Rico). The Swan-Ganz catheter was also connected to a cardiac output computer (Edwards Laboratory, Santa Ana, CA). Cardiac output was calculated as the mean of 3-5 serial measurements after 10-mL injections of cold saline. Hemodynamic variables were recorded on a multichannel recorder (model 7758B; Hewlett Packard, Medical Products Group, Andover, MA). Through a cystotomy, a Foley catheter was placed in the urinary bladder to measure urine output. After surgery, the animals were allowed to stabilize for 1 h. Thereafter, baseline hemodynamic measurements and blood samples, including samples for blood gas determinations, were obtained. Such data were also collected at 15, 30, and 60 min after start of the bacterial infusion and then every hour for 5 h or until death. At the end of the experiment, the animals were killed by an overdose of pentobarbitone sodium.
The following hemodynamic parameters were measured or calculated: mean arterial pressure, pulmonary artery pressure, hepatic arterial blood flow, cardiac output, portal venous blood flow, central venous pressure, pulmonary capillary wedge pressure, systemic vascular resistance ([mean arterial venous pressure Ϫ central pressure] / cardiac output], and pulmonary vascular resistance ([pulmonary artery capillary wedge pressure] / pressure Ϫ pulmonary cardiac output).
Preparation of bacteria. Bacterial inocula were prepared in laminar airflow safety cabinets. S. pyogenes, serotype M3 (T3, OF Ϫ ), producing pyrogenic exotoxin A (strain NIPH 8/94), was isolated from a patient who fulfilled the criteria for streptococcal toxic shock syndrome [17] . This woman in late pregnancy developed invasive GAS disease with bacteremia, pelvic necrotizing infection, multiorgan failure, and intrauterine fetal death. Bacteria were grown in Todd-Hewitt broth (Difco, Detroit) and incubated at 35ЊC with 5% CO 2 in air. When bacterial growth had reached the mid-logarithmic phase, expressed by an optical density of 0.3 at 620 nm, 15% glycerol was added to the bacterial suspension, and small aliquots were frozen at Ϫ70ЊC. At time of use, the broth was thawed, the bacteria centrifuged, the supernatant discarded, and the pellet resuspended in saline. Colony-forming units (cfu) were determined by inoculating serial 10-fold dilutions onto blood agar. Light and electron microscopy showed the bacterial suspension to be homogenous, without aggregates.
Reculture of GAS from animals. For blood cultures, citrated arterial blood (0.1 mL) was spread thoroughly directly after it was drawn onto the surface of blood agar plates. These were incubated at 35ЊC in 5% CO 2 in air, and colony-forming units were subsequently counted.
Semiquantitative tissue concentrations of GAS were obtained by homogenizing ∼50 mg of tissue in 3 mL of Todd-Hewitt broth. Tissue specimens were cut into small pieces with a scalpel and then mechanically homogenized. After mixing with a whirlmixer, 0.1-mL aliquots of 10-fold dilutions of these tissue suspensions were spread onto blood agar and incubated overnight at 35ЊC in 5% CO 2 in air, and colony-forming units were counted.
Hematology and biochemical markers of organ function and damage. Blood samples were analyzed at the Ullevaal Hospital Department of Clinical Chemistry for hematologic parameters (hemoglobin concentration, hematocrit, and white blood cell and blood platelet counts), and creatinine, urea, alkaline phosphatase, aspartate aminotransferase, and glucose levels were measured.
Measurement of TNF-a. TNF-a in plasma was measured by using an immunoassay kit specific for swine TNF-a (Biosource, Camarillo, CA).
Histology. Biopsy samples were taken from the liver, small gut, and lungs before and at the end of the experiments, fixed in 4% formaldehyde, and embedded in paraffin. Dewaxed sections (4 mm) were stained with hematoxylin-eosin.
Laboratory hygiene. During experiments, a high level of care was taken to avoid creating droplets or aerosols or contaminate the surroundings [18] . Environmental surfaces were disinfected with 70% ethanol on clean surfaces or with chemical disinfectant (Virkon; Antec International, Suffolk, UK) if splashes occurred.
Statistics. Results are given as . Because the animean ‫ע‬ SE mals had very different survival times, conditions for applying the statistical method analysis of variance for repeated measurements were not fulfilled. Therefore, a paired Student's t test with corrections (Bonferroni) for repeated use of the test was used within groups only.
Study design. The animals were challenged either with a bolus or short-term intravenous infusion (pilot study ) or with a [n = 11] continuous intravenous infusion at 2 different dose levels (study group 1 and study group 2 ). [n = 8] [n = 6] Pilot experiments involving 11 pigs were carried out to explore a reproducible model of circulatory shock during GAS infusion. Bolus injections and short-time infusions of GAS (2-30 min) caused variable and unpredictable responses, and therefore, a slower, continuous infusion of GAS was adapted.
Pigs in study group 1 were given a continuous infusion of GAS, and 40 mL/h ( cfu/h or cfu/kg/h) was chosen as 10 8 1.3 ϫ 10 5 ϫ 10 a starting point. The infusion was then increased or decreased guided by reductions in hepatic arterial blood flow (as a measure of organ perfusion) and mean arterial blood pressure. We aimed at a marked reduction (40%-50%) in hepatic arterial blood flow to induce organ hypoperfusion. To obtain this goal, the GAS infusion was increased (if necessary) from 40 mL/h by 5 mL/h every 15 min, as long as the reduction in mean arterial pressure did not exceed 30%. This infusion regimen resulted in a reduction in mean arterial pressure and liver hypoperfusion, progressing to shock and death within 2-4 h; mean survival time was 2.1 h.
For the pigs in study group 2, the infusion procedure was modified to increase the survival time. The GAS infusion was given at a slower rate than in study group 1, starting at 10 mL/h ( cfu/h or cfu/kg/h) and increased the rate step- 9 8 3.6 ϫ 10 1.6 ϫ 10 7.2 ϫ 10 cfu/kg/h). This infusion regimen resulted in reduction in 8 3 ϫ 10 mean arterial pressure and liver hypoperfusion, progressing to shock and death within 3-5 h, with a mean survival time of 4.0 h.
Results
No case of GAS infection occurred among the laboratory personnel during the series of experiments lasting for several months. However, one of us sustained an accidental finger puncture with a syringe needle containing a concentrated suspension of GAS. Apparently, no volume was injected. Phenoxymethyl penicillin was prescribed, 0.6 g 4 times daily for 2 days, and no clinical signs of infection were observed.
Fluid administration. Fluid administration was set at 20 mL/kg/h (Ringer's acetate) in the initial experiments. We noted, however, that animals responding with hypotension and organ hypoperfusion to the GAS infusion did so rather abruptly, becoming circulatorily very unstable. Therefore, the fluid infusion was increased in the following experiments to 40 mL/kg/h, and individual ("clinical") fluid resuscitation was started on observation of signs of severe hypotension. The amount of fluid administered, therefore, ranged from 20 to 70 mL/kg/h (mean, 81 and 48 mL/kg/h in study groups 1 and 2, respectively).
Circulatory responses to GAS. In the pilot study, after bolus injections or short-time infusion of GAS, large interindividual circulatory responses were observed (table 1). Some animals died within seconds of GAS infusion, whereas others survived (with minor signs of illness) for 6 h after a total dose of 10 12 cfu. The total amount of GAS given ranged from 10 8 to 10 12 cfu (table 1) . Often, a relatively abrupt occurrence of severe hypotension occurred, followed either by remission to a normotensive or moderately hypotensive state with maintained liver perfusion or by irreversible circulatory shock. Changes in mean arterial pressure ranged from 0 to Ϫ70%, in hepatic arterial blood flow from ϩ75% to Ϫ91%, and in cardiac output from ϩ6% to Ϫ63%. Portal venous blood flow was changed in the same direction and to a similar degree as hepatic arterial blood flow (table 1) . The increases in pulmonary artery pressure ranged from 0 to 38 mm Hg. Survival time ranged from seconds to 18 h. The continuous infusion of GAS in study groups 1 and 2 caused more reproducible responses, even though interindividual differences were still observed. The slower GAS infusion prevented the fast development of circulatory collapse, and the hemodynamic changes in the groups deviated in the same direction. The primary hemodynamic effect of GAS infusion appeared to be an increase in pulmonary vascular resistance. Pulmonary artery pressure rose within seconds of commencement of GAS infusion and remained elevated throughout the experiments ( figure 1 ). There were gradual reductions in hepatic arterial blood flow (figure 2), portal venous blood flow (not shown), and cardiac output ( figure 3 ) (all ). Mean arterial P ! .05 pressure was transiently increased in most pigs, followed by a gradual reduction (figure 4). There was a moderate (35%) increase in systemic vascular resistance within 1 h, followed by a slight reduction with time (data not shown The responses of the study groups were qualitatively similar but consistently most marked in the pigs that received the highest infusion rate of GAS, which indicates a dose-response relationship. Also, reducing the infusion rate by 50% doubled the survival time from a mean of 2.1 to 4.0 h.
Blood gases. The changes in blood gases were similar in study groups 1 and 2. After 5 h, there were marked reductions in PO 2 in aorta and in mixed venous blood (from the pulmonary artery). There were reductions in pH and a moderate reduction in base excess as well (data not shown), consistent with tissue hypoperfusion.
Reculture of GAS from blood and tissue of the experimental animals. Blood cultures drawn during ongoing GAS infusion contained, as expected, large amounts of viable bacteria (table  2) . Cultures of blood taken after the completion of short-term (!60 min) GAS infusions contained no bacteria after 5 min (except from 2 pigs, which contained 1 and 2 cfu after 1 and 4 h, respectively). After longer-lasting infusions, the clearance of bacteria proved somewhat slower. In 2 animals in study group 1, GAS were counted in homogenates of tissue specimens. High numbers of live bacteria were found in liver and spleen; after 45 min of GAS infusion, there were 10 4 cfu/mg of tissue, and this increased to 10 5 cfu/mg at the end of the experiment. In lung tissue (at the end of the experiment), 10 5 and 10 6 cfu/mg of tissue were found, whereas in mesenteric lymph nodes, the numbers were lower (10 3 and 10 4 cfu/mg of tissue). The recultured GAS were still easily M-typeable. There was no endotoxin in blood samples before or during the experiments.
Hematology. No significant changes in hemoglobin concentrations, hematocrit, or white blood cell or platelet counts were found in the 2 study groups (table 3) .
Parameters of organ function and damage. After 3 h, there was no change in serum alkaline phosphatase or aspartate aminotransferase concentrations in any of the groups (table 4) . However, an increase in aspartate aminotransferase level for each animal appeared at somewhat different time points, so that the increase from baseline to maximum aspartate aminotransferase level was significant ( ). A small but sig-P ! .05 nificant increase in serum creatinine level was also recorded in both study groups, whereas urea levels remained unchanged (table 4). Serum glucose concentrations decreased in all animals, but at somewhat different time points (table 4). The decrease in serum glucose levels in individual animals ranged from 0.4 to 6.3 mmol/L.
TNF-a.
Plasma levels of TNF-a increased from a of to pg/mL after 3 h in study group mean ‫ע‬ SE 25 ‫ע‬ 1 ‫ע04‬ 3 2 ( ). After 1 h of GAS infusion, the increase in TNF-a P ! .05 was not significant in any of the groups.
Histology. In the lung, liver, and gut, there were signs of a slight inflammatory reaction with infiltration of neutrophil granulocytes. No obvious cell necrosis, platelet plugs, or vascular thrombosis was observed.
Discussion
This study allowed a detailed characterization of the systemic and histologic responses to lethal GAS sepsis in the pig. We found that a continuous infusion of live GAS to pigs caused a reproducible development of septic shock. The progression of sepsis with hypotension to shock, as well as the survival time, was dependent on the rate of GAS infusion, which indicates a dose-response relationship.
The primary hemodynamic effect of GAS infusion was an increase in pulmonary artery pressure and an increase in systemic vascular resistance, followed by a reduction in cardiac output, whereas pulmonary capillary wedge pressure remained unchanged and central venous pressure increased toward the end of the experiments. Thus, there was an increase in right and left cardiac afterload, and the fall in cardiac output and mean arterial pressure seemed secondary to these changes. In porcine endotoxemia, an increase in pulmonary vascular resistance is also typical [19] , which indicates that the porcine pulmonary circulation is very sensitive to vasoconstrictors or that it produces considerable amounts of vasoconstrictors such as endothelin-1. This well-known porcine pulmonary hypertension, which is more unusual in human sepsis, may be a limitation regarding the relevance of the pig as a model of human sepsis. Further, in cases of resuscitated human sepsis, there is regularly a hyperdynamic circulation, in which systemic vascular resistance is typically low and cardiac output high [20] . Despite high-volume resuscitation (20-70 mL/kg/h) in the present study, systemic vascular resistance increased moderately, and cardiac output was steadily reduced (hypodynamic circulation). Despite differences between human and porcine hemodynamic response patterns, the pig is extensively used in cardiovascular research. In a baboon study, intravenous infusion of live GAS during low-volume fluid replacement (3.3 mL/ kg/h) caused profound hypotension, but because no data on cardiac output or systemic and pulmonary vascular resistances were given, further comparison is difficult [15] . An ovine model may be a good alternative; sheep challenged with LPS or bacteria exhibit a hyperdynamic hemodynamic response pattern [21, 22] .
Mean arterial pressure was not a reliable parameter in predicting organ perfusion in these experiments. During large reductions in mean arterial pressure, there were simultaneous marked reductions in hepatic arterial and portal venous blood flows, but liver perfusion was also decreased when mean arterial pressure was increased or unchanged. We have previously noted a similar "dissociation" between arterial pressure and organ perfusion [19] , which also may occur in septic patients. Therefore, we found the hepatic arterial blood flow a useful parameter when deciding the amount of GAS necessary or sufficient to cause liver hypoperfusion. When the model was characterized, a defined continuous infusion of bacteria could be maintained.
The occurrence of multiorgan failure early in the course of infection, which is supposed to be typical for the human streptococcal toxic shock syndrome [14] , was not observed in the pigs [17] . However, onset-to-admission time in severe human GAS infections is usually considerably longer than the time frame of the present study [23] . We observed a marked lung Table 2 . Results of blood culture for pigs in the pilot study given infusions of serogroup A streptococci (GAS), according to the method of administration. 
NOTE. Data are no. of cfu counted on agar plates inoculated with 0.1 mL of blood from the pigs and then incubated (see Methods). Cfu, colony-forming units; ϩϩϩ, massive growth of bacterial colonies; -, not measured. Table 3 . Hematologic parameters of pigs in 2 study groups (SGs) given continuous infusions of serogroup A streptococci (GAS). dysfunction, a slight renal dysfunction, and a small increase in aspartate aminotransferase levels, which indicates some hepatocellular damage but no leukopenia or thrombocytopenia. We conclude that the animals probably died because of lung dysfunction and acute circulatory failure and not because of renal or liver dysfunction. Therefore, this is primarily a model of acute septic shock and not one of multiple organ dysfunction or failure. A lower GAS infusion rate will give more time for organ dysfunction to develop and thus more closely parallel some aspects of the human syndromes of GAS septicemia, for example, as observed after 10 h in baboons that received an infusion of live GAS [15] . Marked capillary leakage, also typical of human sepsis, was observed in the pigs. In contrast, despite a very modest fluid replacement (3.3 mL/kg/h) during GAS sepsis with hypotension in baboons, hematocrit remained unchanged in these animals. Hypoglycemia developed in all pigs, with recorded serum glucose levels as low as 0.5 mmol/L. Although hyperglycemia is the most common finding in human sepsis [24] , hypoglycemia is observed in severe sepsis with poor prognosis [25, 26] . TNFa, which is considered a pivotal mediator in human sepsis [27] , increased during GAS infusion. Thus, several, but not all, of the human responses to streptococcal sepsis were observed in the pig.
As evaluated by light microscopy, there was meager evidence of tissue damage despite large numbers of GAS present in the examined tissues; only a modest infiltration of inflammatory cells was observed but no platelet plugs or intravascular coagulation. A possible explanation for these surprising findings might be local conditions created by the bacteria; for example, GAS produce factors that inhibit neutrophil chemotaxis and phagocytosis, as well as factors that dissolve fibrin clots (e.g., streptokinase) [12] . In contrast, marked tissue inflammation is observed already after 1 h during porcine endotoxemia (authors' unpublished data) and after 10 h in baboons challenged with GAS [15] but not in mice [28, 29] .
The wide variations in response to the same amount of GAS (which necessitated individual fluid resuscitation) may be a limitation of the model. However, such a variability is also observed in humans exposed to GAS infections; the same strain of GAS may cause tonsillitis, necrotizing fasciitis, or toxic shock-for reasons partly unknown. Further, animal models (involving young, healthy individuals, often genetically similar) differ from the marked variability seen in human patients (e.g., extremes of age, often with underlying diseases). The highly complex clinical situation in human sepsis, shock, and organ failure obviously calls for caution in extending treatment protocols from animal studies to clinical practice. This has been demonstrated by the multiple clinical trials based on results from animal studies, in which anti-endotoxin-based and anticytokine-based therapies have, unfortunately, by and large failed to demonstrate clinical benefit [30] [31] [32] [33] [34] .
Gram-positive sepsis is often clinically indistinguishable from gram-negative sepsis, but the lethality is reported to be higher in gram-positive sepsis [10, 35, 36] . Therefore, there may well be important differences in the types, amounts, and sequences of mediators that are being triggered that warrant further investigation.
We chose an almost exclusive human pathogen, GAS [37] , that is an important cause of severe systemic infection in humans. The porcine streptococcus Streptococcus suis [38] seemed to us not so relevant because it more often causes other types of infection, such as meningitis in humans [39] and lung infections and fibrinous or suppurative infections in serous membranes in pigs [38, 40] , rather than septicemia and organ failure. GAS and antibodies to GAS are not normally found in pigs [37] . The only animals from which GAS can, very infrequently, be isolated under normal circumstances are some animals with close relation to humans, in addition to a very rare disease observed in mice [37] . Hence, the infusion of GAS most probably means a new antigenic challenge to the pig, which might cause an innate immune response different from the response to known GAS antigens in humans. Within 5 min after the cessation of GAS administration in pilot studies, practically no bacteria were recovered from blood cultures, demonstrating a fascinating ability of the animals to eliminate these microorganisms from the circulation.
An intramuscular injection of GAS in baboons followed by several days of observation, as done by Taylor et al. [16] , is obviously a better model to mimic human invasive GAS infection. However, there are practical and possibly legal and ethical considerations that make this approach in large animals (especially primates) inconvenient in many research laboratories. As in the many models of endotoxemia and endotoxic shock, an infusion of GAS makes it possible to study mechanisms in shock and the effects of interventions within a reasonable time frame [15] . It may, given the rather variable biologic responses to GAS, be difficult to cause a reproducible model of shock and organ failure by means of intramuscular GAS injections. This was observed in baboons that received various doses of GAS as intramuscular injections, in which only 2 of 13 animals developed streptococcal toxic shock-like symptoms and died [16] .
The amounts of various bacteria necessary to induce shock and subsequent death in different animal species seem fairly similar (within a 10-fold range of colony-forming units per kilogram) [15, 35, 41, 42] .
There is evidence that pathophysiologic responses to live and dead bacteria may be similar in several ways [43] . The cardiovascular response pattern to Escherichia coli and Staphylococcus aureus in dogs was not altered by formalin killing, but formalin-killed organisms induced lower lethality and less myocardial depression [35] . Hence, inactivated or killed bacteria may, for at least some purposes, be used in studies of pathophysiology in animal models to avoid potential hazards and precautions related to live, virulent microorganisms. Live mi-croorganisms in a reproducible physiologic state are also much more cumbersome to supply. In the same way as endotoxin is used to mimic gram-negative sepsis, streptococcal cell wall components may also prove useful.
Thus, by applying a continuous infusion of live GAS, we have established and characterized a model of porcine grampositive septic shock. The model may be useful in the study of central mechanisms of acute septic shock, including therapeutic interventions [44] .
